A laboratory fume hood is designed to capture, contain and remove harmful fumes generated inside the box-like enclosure. The performance and characteristics of laboratory fume hoods have been widely studied during the past few decades. Previous studies [1] [2] [3] [4] [5] [6] [7] suggested that maintaining a specific face velocity does not assure that a fume hood would contain hazardous chemical fumes and vapors. Important parameters, such as fume hood geometry, suction flow rates, sampling rates and sash opening height, etc., affect the containment ability of laboratory fume hoods. Although average face velocity and containment efficiency are related under ideal conditions, it is very difficult in nature to use only a parameter, the face velocity, to characterize the hood performance.
Introduction
A laboratory fume hood is designed to capture, contain and remove harmful fumes generated inside the box-like enclosure. The performance and characteristics of laboratory fume hoods have been widely studied during the past few decades. Previous studies [1] [2] [3] [4] [5] [6] [7] suggested that maintaining a specific face velocity does not assure that a fume hood would contain hazardous chemical fumes and vapors. Important parameters, such as fume hood geometry, suction flow rates, sampling rates and sash opening height, etc., affect the containment ability of laboratory fume hoods. Although average face velocity and containment efficiency are related under ideal conditions, it is very difficult in nature to use only a parameter, the face velocity, to characterize the hood performance.
Durst et al. 8, 9) employed numerical predictions of the aerodynamic flow field inside two-dimensional fume hood with baffles. Several flow configurations were predicted and particular attention was devoted to the ambient flow entrainment into the fume hood for different sash heights and different conditions of the exhaust system. Hu et al. 10, 11) presented the flow in the region of a fume hood using the turbulent model and CFD (computational fluid dynamics). The potential of various factors that cause the leakage of contaminant from the fume hood were investigated, in particular the effect of the location of the exhaust outlet, exterior obstructions of different shapes and sizes in front of the fume hoods, baffles and a louvered bypass. The air velocity and concentration of contaminant profiles along the working aperture were obtained using the numerical predictions and compared with experimental data. Nicholson et al. 12) demonstrated that the potential of using CFD model for the optimization of fume hood design and testing. Lan et al. 13) and Kirkpatrick et al. 14) employed three-dimensional models of a variable volume/constant face velocity fume hood to study the effect of the sash height and rated face velocity on the flow patterns, especially in the exposure area of a person standing in front of the fume hood.
In this study, detailed experimental data on this subject and the extent of the understanding on the physical mechanisms governing the leakage of contaminant during the ventilation process are investigated. Measurements of the time-averaged face velocity, velocity fluctuation profiles, and real-time tracer-gas concentration leakage along the face of the hood were conducted. The laser-light sheet smoked-flow visualization method was incorporated in providing details of the aerodynamics at the face of the fume hood and served to explain the transport mechanism of contaminant leakage near the face of the hood.
Materials and Methods

Laboratory test apparatus
The experimental setup includes a laboratory fume hood model, an extract fan, and instruments as shown in Fig. 1 . The test fume hood with 850 mm × 1,200 mm in size of working aperture is made of transparent acrylic plates so that the laser beams can pass through. The fume hood consists of a baffle across its back. The baffle has a top slot and a bottom slot to help effectively remove the contaminant through the fume hood. The top panel of the hood has an exhaust collar to connect the exhaust duct to the fume hood. Suction of the hood is provided via a set of AC motor/centrifugal fan. The suction flow is driven by a centrifugal fan which is controlled by a precision inverter with a resolution of 0.02 Hz. The suction flow rate is measured by a home-made venturi flow meter along with a calibrated pressure gauge. Long term monitoring of the flow rate measurements shows no appreciable drifts or ripples. The accuracy of the suction flow rate measurement is less than 1% of the reading. Experiments are carried out in a well-controlled test room. The test room consists of an enclosure with dimensions of 19.14 m × 16.53 m × 4.76 m. During the experiment, the turbulence and interference from external sources such as air supply diffusers, doors, and traffic in the room are restricted.
Flow visualization
The experimental apparatus for flow visualization is shown in Fig. 2 . Paraffin oil mist was continuously seeded through the home-made smoke generator into the test section to scatter the laser light. The diameter of the oilmist particles, measured by a Malvern 2600C particle analyzer, is 1.7 ± 0.2 µm. The density of this particle is 0.821 g/ml. Without considering the effect of turbulent diffusion, the relaxation time constant is estimated to be less than 7.7 × 10 -5 s and the Stokes number is in the order of 10 -6 within the range of experiment. Therefore, the seeding particles can properly follow the flow fluctuations at least up to 10 kHz.
The streams of the visible smoke were discharged by two different means. First, for simulating the contami-nant transport process, the smoke was generated from the smoke generator and piped to the smoke ejector. Second, for better visualization of the flow structure in the test section in corresponding to the contaminant transport behavior, the ejector tubes were positioned at target test sections for releasing a uniform outlet velocity of smoke. The smoke generator used in this experiment was equipped with six tubes, and each tube was connected to a ball valve. The smoke ejector was made of stainless still and was installed at center position that is equidistant from the inside wall of the hood, and the position was with the front of the ejector body 150 mm form the hood face. The smoke was distributed through a wire mesh outlet diffuser with a smoke release rate of 4 l/min. The laser beam from Nd:YAG laser was transmitted through an optical fiber and connected to a 20˚ laser-light sheet expander. The laser-light sheet expander was mounted on an adjustable block so that the light sheet can be aligned on different planes. The laser-light sheet was adjusted to a thickness of about 0.5 mm. The particle images were recorded by a Hi-8 CCD camera. The camera was equipped with an asynchronous variable electronic shutter, ranging from 1/12,000 to 1/30 s and could record images at 30 fps. . The anemometer is calibrated in a wind tunnel periodically throughout the study. The sample rate is 200 data/s, and the elapse time is 180 s. The accuracy is ± 1.5% of the reading. The time-averaged face velocities, V, and the velocity fluctuations, V std , at each spatial point are calculated based on the measured "instantaneous" velocity data V i by using the following equations (1) and (2), respectively.
(1) (2) Equation (1) represents the arithmetic average of velocity over the sampled N instantaneous velocity data. The eqn. (2) is the standard deviation of velocity data, which is actually the root-mean-square value of the fluctuating velocities would give a representation of the statistical value of the velocity fluctuations 15) about the average velocity over the measurement time at each grid position. The standard deviation normalized by the average velocity would therefore represent the turbulence intensity 15) .
Static tracer gas test following EN 14175-3 Protocol
The measurements were conducted in accordance with the EN 14175-3 protocol 16) by using 10% SF 6 in N 2 as the tracer gas. The tracer gas ejector was a hollow cylinder made of sintered metal with a length 25 mm and a diameter 15 mm in accordance with this method. The release rate of the tracer gas was 2.0 l/min. As shown in Fig. 3 , nine sampling probes were arranged in a grid based on a square area of 200 mm × 200 mm. There were three vertical and three horizontal grid lines separated from each other by 100 mm in both directions. The tracer gas ejector was arranged with its center in-line and 150 mm from the center of the sampling probe grid. The axis of the central probe in the grid was in line with the midpoint of the ejector. The central sampling probe grids were positioned on the sash plane with its center probe at points formed by the intersection of three equally FACE VELOCITY FLUCTUATION OF LABORATORY FUME HOOD spaced lines between the horizontal boundaries of the sash plane with the two outermost lines 130 mm from the horizontal boundaries. The sampling probes were connected to the sampling manifold by tubes of equal lengths. The detector probe was affixed to the output of the manifold. Tracer gas samples were taken through a stainless steel tube of 8 mm internal diameter, which was fitted with a diffuser of 30 mm internal diameter at inlet end of suction velocity 3.7 cm/s. Sampling was taken for 360 s.
Results and Discussion
Flow visualization
Figures 4(a) and 4(b) show respectively the horizontal and vertical views of smoke flow patterns near the right post. The smoke particles are released via a smoke ejector which is placed on the work surface. Because of the three-dimensional flow structure generated in the hood, the smoke particles are brought to the side wall regions. It can be seen that when the environmental air is drawn into the hood and past the post, a severe boundary-layer separation occurs. The boundary layer separates from the edge of the post and forms a shear layer with coherent structures. The separated shear layer inherently contains large turbulence fluctuations from the point of view of fluid mechanics 17) . The separated boundary layer evolves into the hood and forms a large recirculation bubble near the side wall. The containments in the hood would be entrained by the recirculating current and carried towards the separated shear layer. Turbulent dispersion across the shear layer may happen due to the high turbulence fluctuation property of the shear layer. It is therefore possible that the containments in the hood diffuse through this area. Figure 5 shows the vertical view of smoke flow pattern near the doorsill. The smoke particles are released via a smoke ejector placed inside the hood, 15 cm away from the doorsill. It can be seen that when the environmental air is drawn into the hood and past the doorsill, the boundary layer separates from the front edge of the doorsill. The separated shear layer contains coherent structures. Similar to the phenomenon occurs near the side posts, turbulent dispersion across the separated boundary layer may happen due to high turbulence fluctuation property of the shear layer. This area therefore would possibly subject to leakage of containment.
Mean face velocity and velocity fluctuation
Measurements Tracer gas test Table 1 shows the results of the tracer gas experiments using the EN 14175-3 method. The sash height is set at H = 50 cm as prescribed by the method. Since the velocity characteristics discussed in the previous section show similar behaviors for different sash heights, the featured results of the tracer gas concentration measurements at the prescribed sash height of 50 cm could be applied to discuss the correlations between the leakage and the flow at the other sash heights. At Q = 0.51 m 3 /s, the level of SF 6 leakages measured at the upper grids, i.e., the grids P4, P5, and P6, are quite low (0.02-0.05 ppm). However, substantially high SF 6 concentrations (23.96-30.53 ppm) are detected at the grids P1, P2 and P3, i.e. at the right/left side and bottom edge of the hood opening. At Q = 0.31 m 3 /s, the level of SF 6 leakages measured at the upper grids, i.e., the grids P4, P5, and P6, are quite low (0.07-0.24 ppm). With the same trend, significantly high The results of the face velocity and velocity fluctuation measurements as well as the flow visualization show that the large-scale vortex structures occurring near the perimeter (particularly the doorsill and side posts) of the hood aperture could induce strong turbulence because of the boundary-layer separation. The recirculating vortical flows would entrain and carry the hood containments out of the hood aperture. Although the hood containments look like to be enclosed inside the vortical flow structure in the flow visualization pictures, the high turbulence fluctuations induced by the boundary-layer separation would enhance the momentum and mass exchanges across the separated boundary layer via the mechanism of turbulent dispersion. The crisis of containment leakage therefore is raised. The tracer gas experiment detects high degree of containment leakage around the perimeter of the hood aperture, which confirms the inference of flow visualization and velocity measurement. These results therefore establish the fact that the large-scale vortex structures occurring around the perimeters of hood aperture are due to the boundary-layer separation, which could induce strong turbulence, and therefore enhance dispersion of the hood containment. Table 2 shows the results of tracer gas concentration leakage tests on 11 commercial fume hoods. They are randomly selected among 9 universities in Taiwan. The hoods are operated at the face velocities set by the manufacturers. Leakage concentrations of SF 6 at all locations in the sash plane are measured. Only the maximum leakage concentrations and the locations where they are detected are listed in the Table. These face velocities are tuned by the manufacturers to obtain optimal hood performance. All these hoods are claimed by the domestic and foreign manufacturers for fine-tuned aerodynamics. Special techniques, e.g., doorsill airfoil (or streamlined doorsill), by-pass air, specially designed baffles, VAV, etc., have been installed to these fume hoods. The results listed in Table 2 show that these commercial hoods, although are operated at recommended face velocity V 0 ranging from 0.30 to 0.76 m/s and are well tuned to fit the requirements of aerodynamics (as claimed by the manufacturers), have dramatic local average leakages C SF6,ave ranging from 2.87 ppm to 101.54 ppm. The peak values C SF6,peak are also tremendously large, from 1.74 ppm to 238.07 ppm. Flow visualization pictures of these commercial hoods around the side posts and doorsill (which are not shown here) show clear boundary-layer separations. The most serious containment leakages listed in Table 2 are always detected along the doorsill where the boundary-layer separations are observed. It may be because that modifying the hood design to exactly fulfill the requirements of aerodynamics across the whole operation range is difficult, even though the VAV technique is employed. A new design technique which is called the 18, 19) may be an alternative to circumvent these difficulties.
Verification of commercial fume hoods
Conclusions
This study clearly demonstrated the importance of the face velocity fluctuation features in laboratory fume hood performance. The face velocity/fluctuation profile and the overall concentration trend of contaminants along the face of the fume hood were obtained experimentally. Flow visualization tests demonstrated detailed flow patterns in different regions of the fume hood to qualitatively support the experimental results. The turbulent flow field over the three-dimensional edge of the hood involves the complex interaction between turbulent boundary layers, shear layers and separated flow regions. Dramatic face velocity fluctuations in large-scale, dynamic and instantaneous turbulent flow, in the vicinity of the boundary of the hood, explain the mechanism of the transport behavior. This complex interaction can easily contribute to the spread of contaminant leakage. The commonly used chemical fume hoods present prominent weakness around the areas near the doorsill and side poles. The high-leakage-risk around these regions is induced by the inappropriate aerodynamic design. Flow separation and accompanied recirculation occurred around these high-risk regions are the primary causes lead to turbulent diffusion and thus the contaminant spillage. The complexity of the interaction of multiple variables involved in the complex flow structures during the dynamic processes inhibits development of a model to establish the relationship between the parameters and contaminant leakage.
